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Abstract 

Laser photodissociation spectroscopy of gaseous ions is a widely applicable technique used to 

investigate the electronic excited states and photochemistry of charged systems ranging from 

inorganic nanoclusters through to biomolecules.  Spectra obtained by this technique provide 

important benchmarks for theoretical studies of dissociative excited states, and give insight into 

light-induced fragmentation pathways.  In this concept article, we will highlight the advantages 

of obtaining and analysing photodissociation action spectra in terms of photon-energy 

dependent relative ion yield plots.  This new approach to analysing ion photodissociation 

spectra has been demonstrated by our laboratory over recent years and is based on the 

photochemical concept of quantum yields.  Importantly, relative ion yield analysis allows 

experimental vertical excitation energies of charged systems to be straightforwardly identified 

for comparison to theory.  The application of relative ion yield analysis also provides greater 

insight into excited-state decay dynamics than is evident from inspection of individual 

photofragment action spectra.  To provide a suitable introduction to the relative ion yield 

concept for non-expert readers, we begin the article by reviewing the broader topic of ionic 

photofragment action spectroscopy.  Results from several UV filter molecules are then 

presented to illustrate the advantages of relative ion yield analysis. 
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Text for Table of Contents 

This concept provides a concise overview of the development of relative ion yield plots from 

laser photodissociation measurements of gaseous molecular ions.  The advantages of relative 

ion plots for obtaining information on excited states including vertical excitation energies and 

photochemical decay processes are discussed.    
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Introduction 

A robust understanding of molecular excited states and the reactive pathways that evolve after 

photoexcitation is fundamental for exploiting light-matter interactions in frontline scientific 

fields including solar energy conversion, photocatalysis, and organic electronics.1 Despite their 

importance, the computation of excited states and dynamics remains one of the key challenges 

for contemporary theoretical chemistry.2 To advance progress in this field, the availability of 

strong benchmarking data from experiment is of key importance.  Gas-phase experiments offer 

many advantages for obtaining high-quality benchmarking data, since measurements are not 

affected by perturbations from counterions, solvent effects, or the involvement of aggregates.3–

7 Spectral resolution is also typically higher than in solution-phase studies due to reduced 

thermal congestion. 

While many early gas-phase excited state spectroscopy studies were conducted on neutral 

molecular systems,4–6 over the last two decades considerable advances have been achieved by 

performing electronic spectroscopy on ionic species which have been transferred to the gas-

phase by electrospray ionization (ESI).   The electronic spectroscopy of a plethora of ESI-

generated systems have been studied including organic chromophores, large biological 

molecules and inorganic materials.8–19  

In measurements of gaseous ions, electronic absorption spectra are generally obtained through 

photodepletion measurements.20–22 Although excited states can be identified in the resulting 

photodepletion spectra, this is not always straightforward.  Contributions from overlapping 

bands, for example, can cancel out over particular wavelength ranges making it challenging to 

accurately locate the experimental vertical excitation energies (VEEs).  In this concept article, 

we will highlight recent work from our laboratory showing the value of analysing 

photofragment action spectra in terms of photon-energy dependent relative ion yield plots.  

These plots allow vertical excitation energies to be straightforwardly identified, and hence 

provide robust benchmarks for advanced computational chemistry.  Since the details of 

photodissociation action spectroscopy of ions may not be familiar to all readers, especially 

computational and theoretical chemists, we begin by presenting a brief overview of the 

technique as a basis for understanding the relative ion yield plots. 

While the focus of this article is electronic photofragmentation spectroscopy of ions, other gas-

phase electronic spectroscopy approaches can be used to characterise electronic excited states 

and locate experimental VEEs.  Combinations of molecular beam sources with high-resolution 
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lasers, coupled to photoionization detection were extensively used for studying molecules and 

aggregates.4–6,23–31  Although these measurements provided exceptional, high-resolution 

spectral data, experiments were typically performed on volatile molecules that could be readily 

transferred via supersonic expansion into a molecular beam.  This limited the range of 

molecular systems investigated compared to experiments where precursors are prepared by 

electrospray.  Anion photoelectron spectroscopy offers another, distinctive route to obtaining 

VEEs of neutral systems, with the caveat that neutral state geometries accessed are those 

corresponding to the initial anionic geometry.32–35  We refer the reader to the review of 

Pereverzev and Roithva for a comparative overview of gas-phase spectroscopy techniques.36 

 

Overview of Action Spectroscopy for Gas-Phase Electronic Spectroscopy of 

Ionic Molecular Systems 

The gas-phase offers considerable advantages for performing spectroscopy on molecular 

systems, but direct absorption spectroscopy is generally not viable as the molecular 

concentration is too low for observing absorbance.22  This limitation is present irrespective of 

the electromagnetic radiation employed, or whether the system under study is uncharged or 

charged.  For the specific case of electrosprayed ions, the number of ions that can be generated 

is typically around 106, so measurement of direct absorption is not experimentally feasible. 

Action spectroscopy offers a solution to the non-viability of direct absorption spectroscopy for 

gas-phase measurements.  It allows a spectrum to be obtained by recording the production of a 

molecular fragment (or an electron) following the resonant absorption of a photon by a 

molecule or aggregate (cluster).  Hence the spectrum is collected by recording an “action” that 

ensues following photon absorption.  Figure 1 provides a schematic overview of the general 

sequence involved in acquiring action spectra for gaseous ions.  In this illustration, which 

reflects our experimental approach, ions are generated via electrospray ionization (ESI), 

undergo mass selection (MS1), and interact with the laser source. Photofragments are 

subsequently separated (MS2) and detected.37  The use of ESI to generate the gaseous ions of 

interest means that a very wide range of chemical systems can be studied by this method, 

subject to the requirement that they are soluble in a polar solvent. (Solute concentrations are 

~10-6 mol dm-3.)   
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Figure 1: Schematic diagram of a typical action spectroscopy experiment for gaseous ions.  

 

Equation 1 illustrates the action spectroscopy process for a simple cationic molecular cluster, 

AB+, where the photon is resonant with a vertically accessible excited state of the cluster that 

is energetically above the dissociation threshold: 

AB+  +  h  → A + B+  [1] 

Action spectra can then be recorded either via depletion of the precursor ion, AB+, or the 

production of the photofragment ion, B+, across a chosen wavelength range.  In both cases, 

mass spectrometric detection is used to measure ion intensity as the photon energy changes.  

For larger molecular systems, M+, multiple fragmentation pathways are typically present as 

depicted by [2a]-[2c] where X+, Y+ and Z+ are different fragment ions and N1-N3 are their 

accompanying neutral fragments: 

M+  +  h  → X+ + N1  [2a] 

→ Y+ + N2  [2b] 

→ Z+ + N3   [2c] 

Action spectra can be acquired for all of the X+, Y+ and Z+ fragment ions where signal intensity 

allows. An illustrative example is shown in Figure 2, for the protonated form of the sunscreen 

molecule, octyl methoxy cinnamate (OMC).38  The photodepletion spectrum of the precursor 

ion [OMCH]+ is displayed in Figure 2a while Figures 2b-2d display the corresponding 

photofragment action spectra of the major photofragments with m/z 179, 161 and 133.  The 

action spectra of individual PFs can be seen to track the spectral bands evident in the 

photodepletion spectrum.   
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Figure 2: (a) Gas-phase PD (absorption) spectrum of [OMC+H]+, and the complementary 

photofragment production spectra for the three major PFs with (b) m/z 179, (c) m/z 161, and 

(d) m/z 133, respectively, with tentative structure assignments included.  Adapted from Ref 

[38]. 38 

 

Photodepletion and photofragmentation are defined by Equations [3a] and [3b]: 

Photodepletion (PD) Intensity = 
Ln(IntOFF

IntON
)

λ ×P
   [3a] 

Photofragmentation (PF) Production = 
(IntFrag

IntOFF
)

λ ×P
   [3b] 

where IntON and IntOFF are the precursor ion peak intensities with laser on and off, IntFrag is the 

fragment intensity with laser on, λ is the excitation wavelength (nm) and P is the laser pulse 

energy (mJ). 
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Whether the electronic spectrum of AB+ is recorded via PD of the precursor ion or via PF 

production spectra (individual or summed) depends on signal-to-noise considerations, which 

vary as a function of instrumental set up, molecular system and absorption intensity across the 

wavelength range studied. In situations where signal-to-noise is relatively low, it can be 

necessary to acquire the electronic spectrum by summing all photofragment channels, i.e. 

channels [2a]-[2c] for the M+ example, into a single action spectrum.21,22,37  

Electronic action spectroscopy is a widely applicable technique, with only a small number of 

limitations.  One is that detection of charged PFs can sometimes be hampered by a low-mass 

cut-off, depending on the instrument employed.39   In general, this is more of a problem when 

the precursor ion itself has a low m/z value since PFs are then more likely to fall below the low-

mass cut-off.  Secondly, it is important that the excited state decays over a timescale that is 

shorter than the detection window for the PFs.  Finally, action spectra will be perturbed if the 

ionic excited state decays by fluorescence, since then fragmentation may be reduced.  While 

this may appear a significant limitation, in practice the acquired action spectrum can be 

compared against the solution-phase UV-VIS absorption spectrum profile to establish whether 

significant fluorescence is present.  It appears that across the very wide number of gaseous 

ionic systems studied, fluorescence is rare, since the action spectra PD profiles mirroring the 

solution-phase absorption spectra.  (Investigations into the gaseous green fluorescent protein 

chromophore provide further insight into this topic.40)  We note that it is possible to acquire 

fluorescence spectra of gaseous ions for a limited number of systems with strong fluorescence 

quantum yields.21,41   

A number of reviews cover electronic (UV-VIS) action spectroscopy of gaseous ions; 

8,9,20,22,41,42 providing further details of the technique and its range of application.  Sentence 

deleted as now incorporated into page 4 discussion. 

  

Advantages of Distinguishing Individual Photofragmentation Channels 

Once an electronic spectrum is acquired by action spectroscopy, excited states are identified 

by determining the locations of peaks in the spectral profile, which are broadly assumed to 

correlate with the experimental vertical excitation energies.  This practice is followed whether 

the overall electronic spectrum is acquired via photodepletion of the precursor ion or via 
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summing all the observed fragment pathways.  A number of issues can, however, hamper this 

approach.   

The first is the generic problem in electronic spectroscopy where bands from different excited 

states overlap.  This situation is frequently encountered in condensed phase UV-VIS, and is 

equally common in gaseous ion spectroscopy given that ESI generates ions with ambient 

internal energy ions.  (Cryogenic ion spectroscopy offers one solution that can typically 

improve spectral band resolution,16,43,44 but it is expensive and technically advanced to 

implement.)  A particularly important problem arises in systems where isomeric structures are 

present,45,46 since the isomer contributions will necessarily result in overlapping and potentially 

unresolved PD spectra.  

Resolution of action spectra into individual PF channels can significantly improve spectral 

congestion issues that arise due to the presence of isomers.  A recent example from our 

laboratory was observed for protonated nicotinamide (NA).47  Nicotinamide has multiple 

possible protonation sites, allowing a number of protonation isomers (protomers) to be formed 

during ESI.  The PD (gas-phase absorption) spectrum for protonated nicotinamide, NAH+, is 

displayed in the left-hand side panel of Figure 3, showing a broad absorption onset above 3.8 

eV, a prominent broad band centred around 4.8 eV, and rising photoabsorption towards the 

high-energy spectral edge.  If only the PD spectrum was considered, it would likely lead to the 

conclusion that the spectrum arises from a single, strong UV excitation centred at 4.8 eV, with 

a lower-intensity transition in the region of 4.1 eV. (Higher-energy excitations will clearly be 

present in the UVC region.)  However, a very different picture emerges when the action spectra 

for production of individual PFs are inspected.  The right-hand side panel of Figure 3 displays 

three distinct mass-channel action spectra, corresponding to the spectra for the m/z 106, 96 and 

80 PFs.  Inspection of these spectra shows that a different chromophore is responsible for the 

PFs that are produced in the Figure 3a and 3b spectra, while the m/z 80 (Figure 3c) PF spectrum 

displays features associated with the two chromophores evident in the m/z 106 and 96 spectra.  

Further analysis revealed that the chromophores present in the Figure 3a and 3b spectra are 

associated with a carbonyl protomer and a pyridine protomer, respectively.47  This allowed 

experimental VEEs for both protomers to be obtained and compared against theoretical 

predictions, illustrating the advantage of resolving individual PF action spectra. 
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Figure 3: Gas-phase PD spectrum (absorption spectrum) of protonated nicotinamide, NA·H+, 

across the range 3.6–5.8 eV (left hand side), displayed with the corresponding PF action spectra 

(right hand side) of the m/z = (a) 106, (b) 96, and (c) 80 PFs produced following photoexcitation 

of mass-selected NA·H+ ions across the range 3.56–5.8 eV.  Adapted with permission from 

Ref [47]. Copyright 2016, American Chemical Society.47 

 

Characterising Dissociative Excited States with Relative Ion Yield Plots  

In photochemistry, the efficiency of a particular photochemical process is generally described 

in terms of the quantum yield, which is defined as the number of photochemical events that 

occur per photon of light absorbed by a molecular system.48  The quantum yield is used to 

quantify the extent of photochemical processes including luminescence, photolysis and 

photochemical bond-formation reactions.  A plot of relative quantum yields for the various 

active processes of a given molecular system therefore provides a concise visual overview of 

how different photochemical events occur across a range of photoexcitation energies.  Our 

group has recently demonstrated that a similar analysis of ion photodissociation spectroscopy 

photofragmentation channels provides an overall perspective on PF production as a function of 

photon energy.  In our work, relative ion yields have been calculated according to Equation 

[4]: 

Relative Ion Yield  = 
𝐼𝑛𝑡𝐹𝑟𝑎𝑔𝐼𝑛𝑡𝑃𝐹𝑇           [4] 
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where IntPFT is the sum of the PF ion intensities obtained with the laser on at a given photon 

energy.49  The relative ion yield plots obtained as a function of photon energy strikingly show 

how PF production is controlled by the morphology of the excited states, and not simply by the 

molecular internal energy following photoexcitation, i.e. photofragmentation does not simply 

increase as a function of photon energy.  Peaks in the relative ion yield plots are then considered 

to be the locations of the vertical excitation energies. 

Presentation of the PF action spectra as relative ion yield plots brings an immediate clarity to 

the locations of bright electronic excited states.  Figure 4 presents an early example, displaying 

the relative ion yield plots for the deprotonated UV filter molecule 2-phenylbenimidazole-5-

sulfonic acid, PBSA.50  Without embarking on a detailed discussion of the [PBSA-H]- 

photofragmentation processes, the relative ion yield plots (RHS Figure 4) reveal the presence 

of two dominant bright electronic states, associated with peaks in PF production, indicated by 

the grey bars on the relative ion yield plot:  One peaks at 3.77 eV (accompanied by production 

of the m/z 208 and 80 PFs), and a second at 4.55 eV (accompanied by production of PF m/z 

193).   

 

Figure 4: Left hand side (LHS): Gas-phase PD spectrum of [PBSA-H]- displayed with the 

corresponding PF action spectra for the m/z 80, 193 and 208 PFs. Right hand side (RHS): 

Corresponding relative ion yield plots obtained from the PF action spectra. The grey bars 

indicate the experimental vertical excitation energies.  Adapted from Ref [50]. Copyright 2019, 

Wiley.50 
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Comparison of PF action spectra (LHS Figure 4) and the relative ion yield plots (RHS Figure 

4) illustrate the advantages of presenting the data in relative ion yield format.   Firstly, although 

the PF action spectra (LHS Figure 4) have peaks in production around 3.8 eV, it is not obvious 

that the production intensities of the m/z 80 and m/z 208 PFs are equally maximised through 

this region, indicating equivalent photochemical production of these PFs through this excited 

state region. Most striking is the clear evidence for the location of a second bright state at 4.55 

eV, associated with enhanced photochemical production of the PF m/z 193.  This phenomenon 

is difficult to discern from the PF action spectra as it is necessary to consider that the intensity 

of the m/z 193 PF is increasing (in particular between 4.25-4.5 eV) while the intensities of the 

other two PFs are relatively stable.  Finally, the relative ion yield plots make clear that a third, 

less bright excited state is present at 4.80 eV, and is associated solely with production of the 

m/z 208 PF. From the individual PF action spectra, it would not be clear if this state was 

associated with production of just m/z 208 or also with PF m/z 193.  The relative ion yield 

analysis removes any ambiguity. 
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Figure 5: (a) Relative ion yield plot highlighting the eight most intense PFs of [BP4–

H]− (structure displayed at top of figure) for photoexcitation from 3.1-5.8 eV. (b) Gas-phase 

experimental PD spectrum (i) vs theoretical UV absorption spectra calculated at the (ii) 

ADC(2)/MP2/ma-def2-SV(P) and (iii) ωB97X-D/ma-def2-SV(P) levels. The optically bright 

S1 ← S0 and S3 ← S0 ππ* transitions are indicated. Adapted from Ref [51]. License 

https://creativecommons.org/licenses/by/4.0/. 51 

 

Although it is possible to argue that the same conclusions could have been reached by a careful 

inspection of the PF action plots for [PBSA-H]-, ad hoc analysis becomes far more challenging 

when a molecule photofragments into a greater number of channels.  An excellent example is 

provided by the photochemistry of deprotonated benzophenone-4, [BP4-H]-.  

Photofragmentation is extensive for this ion, with over 20 PFs being produced across a region 

from 400-220 nm.51  The relative ion yield plot for the eight most intense PFs is displayed on 

Figure 5, along with the gas-phase PD spectrum and theoretical absorption spectra.  The 

ADC(2) S0-S1 and S0-S3 calculated excited states agree well with two regions of enhanced PF 

ion production evident in the relative ion yield plot.  This system is interesting as comparison 

of the PFs with the fragments observed upon collisional excitation of the ground state reveals 

that photoexcitation is being followed by efficient internal conversion back to the electronic 

ground state, i.e. statistical dissociation, which for [BP4-H]- results in a plethora of ionic 

fragments. 

Finally, we highlight the photodissociation and relative ion yield spectra of the protonated 

avobenzone system.  Avobenzone (AVB) is a classic β-diketone molecule that exists as either 

a chelated enol or di-keto tautomer (Scheme 1), with the electronic excitations of each isomer 

being well separated. The photodegradation pathways of AVB were investigated by applying 

UV photodissociation spectroscopy to protonated AVB ions, i.e. [AVBH]+.52  
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Scheme 1: Schematic diagram of the chelated enol (E) and (di)keto (K) tautomers of 

avobenzone (AVB).  The enol form is the UVA active chromophore, with the keto form being 

UVB active. 

Figure 6 displays the measured total ion yield spectra for [AVBH]+, with Figure 6a displaying 

the relative ion yield plots for the two major PFs, m/z 161 and 135, and Figure 6b displaying 

those of the secondary PFs, m/z 146 and 177.52  One of the striking aspects of the ion yield 

spectra is how clearly they reveal which PFs are associated with which AVB isomers:  

Production of the m/z 135 PF peaks strongly at 3.6 and 4.3 eV, energies which coincide with 

the calculated bright transitions for the primary diketo-tautomer (Figure 6c).  Similarly, peaks 

in the ion yield of the m/z 177 PF are aligned with the calculated excitation energies of the 

chelated enol, Ea isomer.  Overall, the close comparison of the PF ion yields with the calculated 

vertical excitation energies gave detailed information on both the location and identity of the 

dissociative excited state surfaces of [AVBH]+, and provided new insight into the 

photodegradation pathways of AVB and the wider class of such β-diketone molecules. 

 

Figure 6: Relative ion yield plots for (a) the m/z 161, 135, (b) m/z 146, 177 PFs of 

AVB·H+ between 2.6 and 5.5 eV, and (c) the TD-DFT calculated excitation energies for each 
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isomer at the ωB97X-D/def2-SVP level. Calculated excitation energies have been red-shifted 

by 0.53 eV. Reproduced from Ref [52] 52  

 

Summary and Outlook 

It is important to emphasise how challenging it remains to a priori predict the way in which a 

molecule evolves and breaks apart following photoexcitation.2  A complex set of factors 

influence the paths followed once electronic excited states are accessed, in particular relating 

to the changes in molecular geometry that occur across multidimensional potential energy 

surfaces.  These factors make the identification of the reaction channels that lead to 

photoproducts one of the most problematic areas of computational chemistry, with product 

prediction only having been achieved to date for a limited number of systems through machine-

learning enhanced non-adiabatic molecular dynamics simulations of trained potentials.53  Gas-

phase photodissociation spectroscopy provides a rich source of experimental data on energy-

dependent photoproduct production that frontier theoretical calculations can be benchmarked 

against.  Relative ion yield plots have now been obtained for a range of cationic and anionic 

systems, including organic, inorganic (e.g. manganese and ruthenium metal carbonyls) and 

biomolecular ions (e.g. riboflavin).38,50–52,54,55  They reveal direct experimental information on 

energy-dependent production of photoproducts which can be used to test new theoretical 

approaches by providing clarity on the locations of experimental VEEs.   

In a photochemical context, one of the most useful aspects of relative ion yield plots is that 

they allow clear identification of photochemical fragments, i.e. ionic fragments that are 

produced through dissociative excited state surfaces instead of from hot electronic ground 

states.  Deprotonated riboflavin provides an excellent example, where photochemical and non-

photochemical ionic fragments are clearly differentiated in the relative ion yield analysis due 

to the distinctive profiles of photochemical and non-photochemical fragments.54  Furthermore, 

ion-yield plots can provide insight into dynamical aspects of excited state behaviour, as 

demonstrated for the non-native synthetic nucleobase, Z (6-amino-5-nitro-2(1H)-pyridone), 

where the relative ion yield analysis provides exquisite evidence that the molecule undergoes 

ultrafast excited-state decay with boil off of the OH functional group of Z from the hot 

electronic ground state.56  
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It is useful, finally, to reflect on the relationship between the gas-phase action spectroscopy 

measurements detailed here and work by Barner-Kowollik and co-workers on wavelength-

resolved photochemical action plots obtained from solution-phase measurements.57  Their 

work has uncovered numerous cases where a mismatch exists between the absorption spectrum 

of a chromophore and the wavelength-resolved photochemical reactivity (associative and 

dissociative) observed, challenging one of the fundamental paradigms of photochemistry.  In 

our gas-phase measurements, we have observed no such effects for any of the dissociative 

photochemistry we have studied, suggesting that the effects that Barner-Kowollik and co-

workers are observing are not the result of intrinsic photochemical anomalies such as violations 

of Kasha’s law.  Intriguingly, they have very recently published a new study where they trace 

the underlying mechanism behind the mismatched reactivity and absorbance in 

photocycloadditions to specific microenvironments experienced by the reactive precursors.58  

While some questions may remain about the mechanisms of the effects observed in the 

solution-phase photochemical action plots, these are clearly important measurements with 

relevance to a wide range of photo-activated synthesis and materials science.  It would be 

highly valuable to obtain action plots for selected systems via both the gas-phase approach 

described here as well as the solution-phase action-plot approach.  This should provide a deeper 

insight into the fundamental photochemical and photophysical mechanisms at play in these 

important chemical systems.  
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